Threshold charmonium production with GlueX
... and gluon Gravitational Form Factors

Lubomir Pentchev

e History of J/y photoproduction and the comeback of threshold
measurements at JLab
e “Rosenbluth” (kinematic) separation of the J/y near-threshold photo-

production - experimental test of energy independence of Form Factors
e Relation to gluon Gravitational Form Factors (GFFs) based on theory and
comparison to lattice results
e Open questions about reaction mechanism

e Observation of C-even (y,) photoproduction with GlueX

e Photoproduction of charmonia with opposite-to-photon parity
- what does it mean?

- complementarity to C-odd (J/y) charmonium photoproduction

e Future measurements at GlueX
- GlueX phase Ill - charmonium at threshold
- Why we need CEBAF energy upgrade



>50 years J/ys photoproduction and comeback of threshold
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Charmonium photoproduction in Hall D with 12 GeV beam

Photon Tagger Pair Spectrometer
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Diamond Radiator Electron Collimator GlueX
East ARC Beam Dump Spectrometer

.| Integral 320.3 |

yp = Jlyp — eTeTp

Linearly-polarized photon beam from coherent Bremsstrahlung off thin diamond
Photon energy tagged by scattered electron: 0.2% resolution

Intensity: ~ 2 X 107 — 5 X 107 y/sec above J/y threshold (8.2 GeV)
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Gluon Gravitational Form Factors

(MS, u=2 GeV)
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e Gluon contribution to the mechanical properties of the
proton equally important as the quark one:

Lattice calculations of Gravitational Form Factors (GFFs) show similar

contributions from gluons (g) and quarks (u+d+s).
Hackett, Pefkou, Shanahan arxiv:2310.08484 (2023)

e Quark masses and kinetic energies of quarks and gluons
are not enough to explain the mass of the proton: gluon
condensate, or anomalous contribution to the mass of
the proton is significant:
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Uniqueness of threshold charmonium photoproduction -
GPD approach
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gGPD(x, ¢, 1)

o Compton-like amplitudes, form-factors ,Qfg(t), %’g(z‘), ng(t), as in Deeply Virtual Compton

scattering (DVCS)
However:
e gluon (not photon) probe
e Threshold kinematics is very different: high momentum transfer r and skewness &
e In heavy-quark limit: t > c0o £ —> 1
For £ — 1 expansionin x/¢:

doldt = F(E)EGy(t) + E2Gy(1) + E*Gy(D] + ..., G(1) functions of o/ P(1), BY(1), € (1)
In leading-moment approximation:

gluon Gravitational Form Factors Ag(t), Bg(t), Cg(t) are leading terms of .Qig)(t), %éz)(t), C{o”g(t)

GPD analysis by Guo, Ji, Liu, Yuan PRD 109 (2024) >



Gluon Gravitational Form Factors from experimental point of view
Test the main general property of Form Factors - they depend ONLY on ¢

}/* 5 2%+ graviton-like
exchange
i e.m. FFs P g Compton FF — P
Gravitational FFs
do do 1 T d
(d_sz>a ) <dQ>M g G0+ £6i0) <d_j> = F(E)EGo(0) + E6,(0) + EGy(0)

yp—>Jhyp

Model approach - fit dipole/tripole FFs (within some model) to data

|
Gg(1), Gy(t) ~ Gp(t) = T3 70.71GeV2y A1), By(1), C,(t) ~

(1 + t/m?)20)

Rosenbluth separation - data-driven kinematic FF extraction

_do (do e+ e , ) _ do £2 . )
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Rosenbluth separation

GZ(t) and TG%(t) extraction

ep — €p

) Data from:
8 R.C.Walker et al. Phys.Rev.D 49, 11 (1994) - SLAC
.2 I.A.Qattan et al. arXiv 2411.05201 (2024) - JLab
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Threshold J/y photoproduction - “Rosenbluth” separation

G,(t) and Gz(t) extraction

. dG 52(Ey, t)
~dt F(E)

o(E,, 1) = EHE, DG + Gy(1)

* GlueX 10.36 GeV",
* GlueX 9.28Gev~

] _ () t O\
0.05+"
| y/ 4 o A / _
] // Therefore do/dt(E, t) at fixed t, must
[ ' increase with energy, consistent with
‘ the data!




Gluon Form Factors - energy independence

yp—=>Jhpp
% —e— Jp-007
Energy independence of the % 1_:K+GlueX9.28caev
G (1) FF function (within errors) = 1|+ cuextosscey
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5
= T I DU
10 s |

No theory/lattice constraints used,
No theoretical assumptions,

GPD approach used as a guidance:

do EE,

o E,1) = = E7HE,, n)Gy(1) + Gy(1)
Y dt F(E,) o (0 2
Mj, — 1t
g(E},, t) = ) 4
2
o g Itl, GeV GlueX and J/y-007 data
UO 04__ NN / different colors - Phys.Rev.C 108 (2023)
T N different energies Nature 615 (2023)
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Relation to Gluon Gravitational Form Factors
now using theory
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gf . - lattice ACq
X = GpPD
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Itl, GeV?

Features in data consistent with the GPD model:

. da/dt(E},,t — fixed) increases with energy

e G (1) form factor functions are energy independent
(within the experimental errors)

¢ Inleading-term approximation (and neglecting Bg):
Gy(t) = A(t) and
Go(1) + Gy(1) = 8C,(NA()

— agreement with lattice
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Other reaction mechanisms: open-charm, resonance
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C-even charmonium states at threshold with GlueX

First ever evidence for photoproduction of C-even charmonium

17— > 1(2)*t .
yp = x.p = Jlyy)p = (eTe7y)p

Yield [Events]: G \C
LUEX
N(Xd) =55.3*8.2

Nix_)=13.6*47 Preliminary

D
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Events /5 MeV

Mx ), Mlx.,)
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GlueX-1 & 2020 data 2

3.3 3.4111 * 3.5 3.6 3.7
MUApY) [GeV]

e Z1(3511) and y,,(3556), 17" and 27 (1P), EI'" = 10.1 GeV
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C-even charmonium states at threshold with GlueX

o Dramatic difference: y, distribution in (E],, 1 vsJly
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dop/d|t| (fb/GeV?)

t-channel production - perturbative calculations

1 T ——
10F Primakoff |
103k P - Primakoffw/o Fy
102 £
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Benic, Dumitru, Kaushik, Motyka, Stebel, PRD 110 (2024) -
perturbative calculations (high energies)

Xa(d) ® - suppressed for y,.; due to
Landau-Yang theorem:
Ye1(J = 1) = yy suppressed fort — 0

e Odderon (odd-parity Pomeron) 3g
exchange - suppressed, still
dominates at higher | ¢| due to

n, = 0 (n, = 2 for Primakoff)

14



t-channel production - vector meson exchange

I — T 1
- JPAC:

o(yp — Xp) [nb]

~ Aecl
\ V / E, [GeV]
¢ Wt JPAC, PRD 102 (2020)
E : k p7 a)a ¢ _ _
e Low energies - non-perturbative approach,

vector meson exchange

y \IDA e ¥. = yV(p, w, P) is suppressed
B

15



s-channel mechanisms

e t-channel is suppressed (requires C-odd exchange), allows us to study other
possible mechanisms that may dominate:
S-channel exchange of 5q Open-charm exchange
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GlueX phase Il - charm physics

| * GlueX Il - planned for 2027/2028
running with doubled intensity

= 11.10GeV |
{-=-10.64 GeV |
|-e-10.09 Gev
|--957Gev |
{--9.03 Gev
|-e-8.58 GeV

| o Factor of four increase in J/y statistics

- total of about 18k events

B S T M— o Expect ~450 y,.and 200 y(2S)

assuming nominal (12 GeV) beam
N E : - energy

ey, .......... e PY Slgnlflcant redUCtion Of pion

0.02F

background and higher purity of J/y
sample using Transition Radiation
Detector

8
Itl, GeV
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Pion suppression with new Transition Radiation Detector

pion [ [ electron o
O
. | Entrance E
7 o §
0]
Primary
desdx. | TR/

Xe gas
mixture

1
uoibau 441uQ

° . MC (BH calculations + J/y)
— m— Amplification MC corrected for & contamination i
. 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 Il Il Il
/ / Readout region 2 2.2 2.4 2.6 2.8 3 32
M(e*e), GeV

“Development and Characterization of MPGD-based Transition
Radiation Detectors” L.Kasper et al., NIM A (2026)
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Threshold charmonium photoproduction at JLab22 with GlueX

GlueX uses polarized photon beam from coherent Bremsstrahlung

photon flux, A.U.

linear polarization
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asymmetry

asymmetry

Polarization measurements at JLab22 with GlueX
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Summary

e Thanks to JLab 12 GeV upgrade - comeback of charmonium threshold
measurements - a tool to study gluonic content of nucleon

e “Rosenbluth” (kinematic) separation of the J/y near-threshold photo-
production consistent with assumption of FFs independent of energy - no
theoretical assumptions

e Using GPD theoretical approach, extracted gluon GFFs on the same scale as
lattice results

e First observation of charmonium photoproduction with opposite-to-photon
parities - allows studying contributions other than 7-channel ones

e Future of charmonium measurements with GlueX

- GlueX Il - significant increase in statistics and purity (pion suppression with
new Transition Radiation Detector)

- CEBAF energy upgrade - adds new dimensions to these studies: higher-mass
charmonia, precise polarization measurements

21
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o(yp — J/y p) [nb]

dol/dt [nb/GeV?)

Phenomenological approach: JPAC results

- PAC

o  GlueX (2023)
= Single channel (1C)
s Two channels (2C)

E, =893 GeV
o GlucX (2023) |

— Single channel (1C)
—— Two channels (2C)

~t [GeV?)

JPAC Phys.Rev.D 108 (2023)

o(y p = J/y p) [nb]

IO:HHI”HI”HIHP/;C':
[ fot J ]
1
107 o GlueX (2023)
. w Nonresonant (3C-NR)
«w Resonant (3C-R)
_2 | Ly
10 8 9 10 11 12
E, [GeV]
= L L I T L B —
PAC 1
dol/dt J ]
- E, =893 GeV
o o b e GlucX (2023) ]
2 ~— Nonresonant (3C-NR) ]
; —— Resonant (3C-R) ]
£
107 = -
1 L |

~t [GeV?)

Global fit of both Hall C & D do/d1(t) and Hall D o,,(E,)

Phenomenological model based on s-
channel PW expansion (I < 3):
e (1C) J/wp interaction

e (2C) J/wp and D*A
e (3C-NR) J/wp, DA, D* A (non-
resonant solution)

No stat. significant preference:

e 9 GeV structure requires sizable
contribution from open charm

e Severe violation of VMD and
factorization not excluded

e s-channel resonance not excluded

e t-enhancement indicates s-channel
contribution: due to proximity to
threshold or open-charm exchange



Recent results from CLAS12 and J/y-007

% +
10° 4 o e No obvious dip seen in recent
+4¢:r E CLAS12 and J/y-007 (including
= {JQ i i muon channel) data
c
0 10_1 _¢_ . . . .
e Still, statistically compatible
& J/y-007 combined with GlueX results
< GlueX 2023
£+ Cornell 1975
o 8?0 8f5 9t0 9f5 1(;.0 1(;.5 11‘.0 1£.5 12‘.0
E, (GeV)
# Bty
| # N L
= .
S
A0 # + & Cornell (1975)
GlueX (2023)

+ CLAS12 (this work)
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Ey [GeV] 24



Threshold J/y photoproduction - the data

yp—=Jhpp —0— Jhp-007

—o— GlueX 9.28 GeV
—o— GlueX 10.36 GeV
| —o— GlueX 11.44 GeV
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GlueX data - Phys.Rev.C 108 (2023)
J/y-007 data - Nature 615 (2023)
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Threshold charmonium photoproduction - GPD and holographic
approaches

gGPD(x,¢, 1)

do 4 5
— = F(E){TG(0)+E7C(0] + ...
dt
yp—>Jlyp
G = (420 - (300

G,(t) = 2.gz¢§>(t)<z§g(z)+24—;2%;2)@)%@)-- (gf?(z) + 992,%))2
A1) = A1)

BO(1) = B,(1)

G (1) =4C, (1)

M},W —t

¢ = 2(s —m2) — M3, +1

GPD analysis by Guo, Ji, Yuan PRD 109 (2024)

Witten diagram

lrepresentat/on
do

<E> = N(E)[Hy()+n*Hy(D] + ...

yp—>Jhyp
Hy(r) = AZ(1)
H,(1) = 8A,(1)C,(1)

2
MJ/I//

T 2As—m) - M3, +1

n

Holographic analysis by Mamo and Zahed PRD 106 (2022),
PRD, PRD 101 (2020), Hatta and Yang PRD 98 (2018)



Gluon Form Factors - energy independence - Holography

yp—=>Jhpp
o —o— Jy-007
Energy independence of the % 1—:§ —e— GlueX 9.28 GeV
H(t) FF function (within errors) S ] | * Gluex10.36 Gev
3 —o— GlueX 11.44 GeV
Using GlueX and J/y~007 data - different 3 R e ——
colors - different energies 107 g

No theory/lattice constraints used,
No theoretical assumptions,

Holographic approach used as a guidance:

do ”_Z(Ey’ t)

o(E,.1) = n"2(E,, N H(1) + H,(1)

" dr FE)

()
Itl, GeV*
/ndf  91.232/94
& H,(0)  0.383 = 0.071
My, 1.101+ 0.059
Hy(0)

Fit with

LP and E.Chudakov

it . . . N Phys. Rev. D 112, 052009 (2025) -
1

Itl, GeV?




